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^mo^S r ^ tI ^ OSph ?- riC Hg j s prcscnt in di «««nt Physical and chemical forms, which determine its 
fm^rtJ^ r ^ f T laU . 0 ^ , md ^Port capaciUes. The chemistry of Hg in flue gases is thus of 
2ES ^ n T * e dc P° s,tlon P 3 " 0 ™ around PO»t source emissions. In order to agSyHg cleaning 
atlW^ZffVS SPCCiaUon iS ak ° of ^P 0 ^"^ To investigate this unde?r$ali!tic conditions. 
fnJcVK?^ ^ flue **? gcnerator was "S" 1 . ihe kinetics of specific Hg reactions were 
invesugated in a conunuous flow reactor. Elemental Hg is readily oxidizedby Cl 2 and HQ boTh at room 

S^T^ET^ 900 ° 0 bUt 001 by ^ N 2 0. S02 or H 2 S. It reacts witoO 7 
catalyst, such as acuvated carbon, is present A slow reaction between Hg and N0 2 has also been noted. 

1. Introduction 

The total amount of Hg emitted to the atmosphere is difficult to estimate. Problems encountered are 

toWBT *** ^ t0 *** emiSSi0 " S ° f Hg ' forexam P 7cwTst y e °dSr ,UCS 

a trr^!! ntal T? g "£ di * rere ? t forms of gaseous and particulate divalent Hg are emitted to the 
SSSSSSi ™S? m w St S n P lants .areequipped with flue gas cleaning systems, much of Ac 
?v«™ fft 0 " 1 ^ H 8 « stained. Most countries have not yet built up effective cleaning 
SSSS^^ST^^^ a ^^approximation one may conclude^r^ u ?50?fof the 
ine elemental Hg will add to the atmospheric background concentration while the divalent 
SSSS g;% PaniCUlalC H * ^ ^ a *n*ncy '° de^^^WSS^Sh 1 !. 

«i„5° minating .P 0 " 11 so . urces for H 6 emissions arc chlorine alkali factories waste incineration 
plants, crematories, coal and peat combustion facilities and smSters MuS oftiS SS222J?\n 
waste originates from batteries. Hg lamps and electronicTvS IminX waited 
jndustnabzed area may contain 5 ug g-i Hg. while if it is sorted and batteries are extracted, house- 
hold waste may contain as little as 1 ug g-i H g [7]. The Hg content in coal and peat usually v^yT 
from 0.Q2 to 1 ug g » Hg. but can be as high as 3 ug g-i [8] - 
MiSSS^wffftS S5 ; StemS ^^l*? oxidiz «* Hg forms, including Hg(II) bound to 

Wetter. A/r t Soil Pollution 56: 3-14. 1991. 
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All combustion processes generate a mixture of gases and particles. Basically, gases like N2, 
O2, H2O, C02» CO and NO x are always present in ihc flue gas. The concentration of NO x and CO 
can vary depending on combustion temperature and furnace construction. The presence of other 
gases such as SO2, HC1, CI2. H2S and NH3 is more dependent on what the type of fuel being 
combusted. Table I shows some typical values for gases in coal combustion and waste 
incineration. The reactions and kinetics of these gases with Hg° and Hg(U) at flue gas temperatures 
have not yet been investigated. 



TABLE L Some typical raw flue gas concentrations in coal combustion and 
household waste incineration. 





Coal combustion 


Waste incineration 


02 


4-10 % 


6-15 % 


C02 


10-16% 


5-14 % 


CO* 


10-100 jlLL- 1 


10-100 M-LL" 1 


NO 


100-1000 n.LL-1 


100-1000 ML L- 1 


N0 2 


5-50 ML L- 1 


5-50 ML L 1 


S0 2 


100-2000 jiLL- 1 


100-300 ML L* 1 


HQ 


1-100 ULL" 1 


400-1000 pLL- 1 


NH3 


5MLL 1 


<1 ML L- 1 


N 2 0 


5-200 ML L- 1 


<1 ML L 1 


Hg 


1-5 M-g m* 3 


100-1000 Mg m -3 



* The CO concentration may be much higher during short time intervals. 

The speciation of Hg in flue gases is dependent on temperature, residence time and the presence 
of other flue gas components such as HC1 and SO2. Sampling of Hg is usually performed using 
absorption solutions that retain oxidized Hg forms directly and elemental Hg after oxidation. 
Separation of different Hg species by means of different absorption solutions is difficult, especially 
in flue gases from coal combustion, since the Hg concentration is low and the flue gas contains 
large amounts of SO2 that can disturbe the analysis. A number of methods have been suggested 
through the years. Two standard approaches arc the permanganate and persulphate methods [2]. 
The disadvantage of all batch methods is that no time resolution better than -1/2 hour mean values 
can be obtained. Two continuous methods are available: Continuous Cold Vapour Atomic 
Absorption (CVAA) spectroscopy [1, 2] and Differential Optical Absorption Spectroscopy (DO AS) 
[2], the latter being only applicable for elemental Hg. 

The objective of this study has been to investigate the transformation of mercury in flue gases and 
to get a further understanding of the basic reactions involved. This is important from the 
environmental point of view and for the development of methods for Hg abatement. 



2. Experimental 

Two different experimental set-ups have been used to investigate Hg reactions, namely 

a 17 kW flue gas generator and a continuous flow reactor system for more detailed investigation of 

the basic reactions. 

2. 1 . SIMULATED FLUE GASES 

The 17 kW flue gas generator [cf. also 1] consists of a propane-fired burner and a 12 m long flue 
gas duct provided with a number of probes along the pipe for recording O2 concentration and for 
gas sampling. The temperature, decreasing along the duct, is measured with thermocouples. Trace 
gases such as vaporized Hg, HC1, SO2 etc. can be admitted to the flue gas generator near the 
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burner. A system of flow meters is used to adjust the concentration of these gases The total gas 
flux is about 750 L min^OSTTP). 

The continuous CVAA spectroscopic method has been used for analysis of both Hg° and total 
Hg in the flue gas [1J. To analyze the elemental Hg, a flow of 1 L min-i is drawn via a PTFE tube 
to a refngerated (by ice) gas/liquid separator, where condensed water is separated from the flue 
gas. Since Hg has low solubility in water all the Hg-vapour is transferred into the 120 cm long 
analysis cell. The light from a low pressure Hg lamp is absorbed by the Hg a -vapour at 253 7 run 
The light passes a filter with a bandwidth of 10 nm to a photomultiplicr. The detection limit is 
3 fig Hg nv 3 . 

The total amount of Hg is measured via another line where the flue gas sample is brought in 
contact with an acidic 0.5 M SnCl 2 -solution. Oxidized compounds of Hg are here reduced to 
elemental Hg. The Sn(H)-chloridc solution is separated together with the condensed water in a 
second gas/liquid separator and the Hg vapour proceeds to the analysis cell. The Sn(ID-solution 
results 1 certain stable compounds such as HgS. which will not be included in the following 

2.2 THE CONTINUOUS FLOW REACTOR SYSTEM 

The flow rcactorsystem consists of a prc-warming secUon and a 45 cm long quartz reactor, placed 
in two furnaces (Figure 1). The temperature is measured using two thermocouples (Chrom Nickcl- 
Chrom) and controlled by two microprocessors (type Euroiherm 818) which keep the temperature 
wi thm 0.5 °C of a preset value. A system of flow meters is used to regulate the gas concentrations 
Keactant gases arc prcmixed in two separate lines using N 2 as matrix gas. The flow rate through * ' 
the reaction cell is about 1 L mirr 1 . 




Continuous flow reartgr 

1. Furnace lor preheating of the gases 
3. Temperature control units 
5. Reaction cell In quarts 
7. Flow meters 
9. Mercury analyzer 
If. Overflow 



2. Furnace for the reaction cell 
4. Double coil for preheating ol the gases 
6. Thermocouples 
8. Screw-Cap 
10. Pump 



Figure 1 . Schematic drawing of the experimental set-up. 

rtJ^^^f^.u f clem ?ntal H g W as measured with the CVAA technique and the decrease of 
elemental Hg due to the reactions between Hg and the different trace gases was continuously 
recorded during the experiments. The initial concentration of Hg was obtained by passing N 2 
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through a thermostated coil containing several droplets of Hg. The vapour pressure of the H« the 
How rate of N 2 through the coil and the dilution flow rate then detemiincs the final He 
concentration. b 

3. Hg reactions with flue gas components 

to order to study the reactivity of Hg with flue gas components, experiments were performed in the 
flue gas generator with 0 2 , HQ, Cl 2 , S0 2 and N0 2 . SubscquenUyJisolated reactions with 0 2 . 

Ji 2, NH3, S ? 2 ^ d HiS were investigated under more controlled conditions in 
2SS2KSXi£y rCact0r ' In aU cx P eri , menls *c gas concentrations were maintained in a typical 
range for combustion processes e.g. coal combustion or waste incineration. F 
The reactions will be discussed in this chapter, but the main results are summarized in Figure 2 



/ Mercury Reactions 


\ 


2 Hg(g) + 0 2 <g) ==> 2 HgO(s.g) 


(10%) 


Hg(g) + Cl 2 Cg) =* HgCI 2 {s.g) 


(10 uL L-l) 


2 Hg(g) + Cl^) =* HgzCftt) 


(lOuLL- 1 ) 


Hg(g) + 2 HCl(g) =* HgCl 2 (s,g) + H 2 (g) 


(300 uL L-l) 


2 Hg(g) + 4 HCl(g) + 0 2 (g) =* 2 HgCl 2 (s.g) + 2 H 2 0(g) 


(300 uL L-l) 


4 Hg(g) + 4 HCl(g) + 0 2 (g) => 2 Hg 2 a 2 (s) + 2 H 2 0<g) 


(300 uL L-l) 


Hg(g) + N0 2 (g> => HgO(s,g) + NO(g) 


(300 uL L-l) 


Hg(g) + NH 3 (g) =»• No reaction 


(500 UL L-l) 


Hg(g) + N 2 0 (g) =» No reaction 


(300 uL L-l) 


Hg(g) + S0 2 (g) No reaction 


(115 uL L-l) 


^^g(^H2^g) => No reaction 





UK temperature range ™ 20 to 900 «C and the inlet Hg concentration was 100 „g m -3 m . 
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REACTIONS OF MERCURY TN COMBUSTION FLUE GASES 
3.1. Hg REACTIONS WITH HCl(g) 

StorlinHn^"? 0 " on ^ rcacUon ratc nas been studied both in the flue cas 
inf£ theconunuous flow reactor with similar results (Fi mires 3 jmd 4 . g 

In the flue gas generator, the Hg concentration was measured at a imSSS point where the 

Lempcratunc was approximately 500 »C. The HQ-concentraUon was varied urf iTl50 »f 7-uL 




SO 100 150 

HQ CQNCemATlON QiL L' 1 ) 



SSSSaL 0 f^' ra,l0n ° f " S " f • con «« Mton °™<X<0 to *e floe gas generator a. a 
exJsta from the bu^throuKedtS mf,5»te S ^g^T?- %** ' ?mt»raOJrc gradient 
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Figure 4. Concentration of elemental Hg vs. concentration of HQ(g) in the presence of 

10 % 02(g) at different temperatures. The reaction lime is ranging from 0.7 s at 900 °C to 2.8 s at 

20°C 

The reaction path for this system is not evident A direct trirnolecular reaction (1), 

Hg(g) + 2 HCi(g) => Hgd 2 (s,g) + H 2 (g) (1) 

or a sum of simpler elementary reactions may occur, but this reaction is not thermodynamically 
favourable at temperatures above 300 *C. Trirnolecular reactions are not common in general, and 
usually quite slow, which makes them rather unlikely in combustion processes where the reaction 
lime is short. A more favourable reaction involving O2 is given by reaction (2) 

2 Hg(g) + 4 HCl(g) + 0 2 (g) => 2 HgCl 2 (s,g) + 2 H 2 0(g). <2) 

This reaction is tticrmodynamically forced to the right at temperatures up to at least 800 °C. It is 
obvious that (2) is an overall reaction, involving a number of elementary reactions. 

« £v ^P°S s j blc ovenU1 re**** is *e formation of calomel, Hg(I)chloride, instead of 
Hg(Il)chloride. 

4 Hg(g) + 4 HCl(g) + 0 2 (g) => 2 Hg 2 Cl 2 (s) + 2 H 2 0(g). (3) 
Since calomel decomposes at around 400 °C (cf. Table II ) through reaction (4) 

Hg 2 Cl 2 (s) => Hg(g) + HgCl 2 (g), (4) 
it may only exist below this temperature. 
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3.2. Hg REACTIONS WITH d 2 (g) 

Mercuiy reacts readily with Cl 2 [9-11]. Figure 5 shows typical results from the Hue gas generator 
with different Q 2 concentrations. The experiment is done at a temperature around 500 °C The 

™1KiT,t at ^ P 0 ^,* 2 peund . V 5 s ' About 70% of 111(5 1,111131 elemental Hg concentration is 
oxidized at this point while the total Hg concentration is constant, which indicates that a gaseous 

522?!?. ^f?' R f Urc 6 shows ^ from a S'mUar experiment in the continuous flow 
reactor but at different constant temperatures. 



E 
1 



2 



Hg + Cl 2 



150 



Hg(tol) 



h= ioo- 



50- 




100 150 
Cl 2 CONCENTRATION QiL l'j 



Figure 5. Hg concentration vs. Cl 2 concentration in the Hue gas generator at 500 °C. 



^100 

i 



50 



Hg + CI; 




4 6 8 10 

CI 2 CONCENTRATION QlL L* 1 ) 



% L ofS a " 2 " s ° 2 m 5c mraBon at differcM •-•—•«■ ™» ««<*» «»<= 
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These experiments show that Hg reacts with d% even at 20 °C This makes the evaluation of 
the experimental data from the continuous flow reactor difficult, since the reaction also proceeds in 
the CVAA cell operating at room temperature. 

The results from the flue gas generator may also be misleading, since the oxidation may continue in 
the analysts cell or in the teflon tubing. The constant value of the total Hg contradicts this, 
however. If oxidation occurs in the analysis cell, it should lead to a decrease also in the total Hg 
signal, since only elemental Hg contributes to the absorption at 253,7 nm. The explanation is 
probably that CI2 is dissolved in the aqueous condensate and removed in the gas/liquid separator 

As for the previous system Hg(I) and (II) chlorides arc the most probable products from the 
reaction with Cl 2 . 

Hg(g) + Cl 2 <g) => HgCi 2 (s.g) (5) 

2 Hg(g) + Cl 2 (g) => Hg 2 Cl 2 (s). (6) 

The experimental results indicate that heterogeneous reactions arc important, especially at low 
temperatures. This is judged from the observation that several trials must be performed to obtain 
reproducible results. This is probably due to the foimation of a product on ihe surface of the 
reaction cell, which influences the rate of the overall reaction. This is also in agreement with results 
obtained by Medhekar et.aL [11]. 

33. Hg REACTIONS WITH N0 2 (g) 

NO x is formed in all combustion processes. At high temperatures NO is the dominant species [ 1 21 
butN0 2 may also be present to some extent (~ 10 \jJL L' 1 ). 

The experiments were performed with a NO^concentration of 350 to 1000 jiL Lr l . The N0 2 was 
fed into the combustion chamber, and since it is not thermally stable at this temperature (800 to 
1000 6 C), it will start to decompose. The given N0 2 -conceniration should therefore only be 
regarded as a NO x concentration. N0 2 (g) starts to decompose at 150 °C (cf. reaction (7)) and at 
600 °C the decomposition should be complete, 

2N0 2 (g)=»2NO(g) + 0 2 (g). CD 

However, this reaction is not sufficiently fast for equilibrium to be reached on the time-scale 
available in the flue gas generator [13]. An estimate is that 50 to 75 % of the N0 2 probably is 
decomposed at the sampling point at 340 °C 

A small but significant oxidation occurs in the flue gas generator when N02(g) is added (cf . 
Figure 7). At temperatures above 500 °C there is no further oxidation of the Hg, but at 340°C with 
an initial N0 2 concentration of 1000 pL Lr\ 1 1 % of the mercury is oxidized. This indicates a 
much lower reaction rate than in the case of Cl 2 (g) and HQ(g). There are several possible reaction 
products in the Hg + N0 2 system, including Hg nitrites and nitrates [14] but most of them arc 
unstable over 200 °C (cf. Table II). 
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Compound 



Hg<> 
HgO 

HgCl 2 

Hg2Q 2 

HgS 

Hg 2 0 

Hg2(N02)2 

Hg(N02)2 



Melting point 
°C 

-38lt7 
276 



Boiling point 
°C 

356\58 
302 



70 



Decomposition 
°C 



500 1 

1227=15% 2 
subl. 400 
subl. 583.5 
100 
100 
100 

160 



A probable reaction is the fonmation of HgO(s,g): 

Hg(g) + NChfe) => HgO(s,g) + NO(g). 



Ref. 



15 
15, 16 

15, 17 
15 
15 
15 
15 
18 
15 
19 



(8) 



% 150- 


f Hg + N0 2 




1 




^ 10 °" 


* — o 


O 

i 




X 50- 




500 1000 * 
NOj CONCENTRATION (fiL r 1 ) 
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3.4. Hg REACTIONS WITH 02(g) 

It has meviouslv been reported [1] that a significant oxidation occurs in the flue gas generator even 
it nas pre yious ly ^ *J dd d t( f ^ flue gas> Th i S effect was strongly enhanced when 

Seo^nuo^floTrcacSr. no reaction was detected. The temperature range was 20 to 700 «C and 
the O2 concentration was varied up to 10 %. 

No reaction was found either, when 1 g of a- AI2O3 wool was placed in the reactor. However, 
when I g activated carbon (spec, surf acc= 900 m^g-\ size 0.9 to 1.1 mm) was added into two 

vf ssels with dimensions 5 x 50 mm and placed in the reaction cell, an oxidauon of the Hg° 
was observed. 



100 



E 



2 
O 
P 




50 



Hg + O z + Activated Carbon 



O 20. 400 *c 



100. 300*C 



200 *C 



6 8 10 

0 2 CONCBTTRATION (%) 



Figure 8, Concentration of Hg vs. concentration of O2 with 1 g of activated carbon present. 
Reaction time < 5 s. 

As seen in Figure 8, the reaction proceeds at a measurable rate in the temperature range 100 to 300 
°C. At 20 °C the reaction rate is probably too slow, while at 400 °C the formation of HgO is not 
believed to be favourable. Around 200 °Q the reaction rate is at maximum, which indicates that 
different processes determine the rate of this reaction at different temperatures: 

- Adsorption of Hg(g) on the surface (decreases with increased temperature). 

- Reaction between Hg(ads) and 02(g) (increased reaction rate with increased temperature up to 
the decomposition temperature). 

This could also be written 

Hg(g) + activated carbon Hg(ads) (9) 

Hg(ads) + 0 2 (g) <=> Products. (1 0) 

The most likely reaction product in this system is HgO(s,g). 
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3.S. Hg REACTION WITH SO2. H 2 S, N 2 0 AND NH 3 

^^S^SSS^tSSSS and SO * H > S ' N >° and NH 3 . This is not unexpected 
The experimental conditions arc summarized in Table HI 

N20^d I NH^ Xpe " mental condition fo r the reaction of mercury with SO2, H 2 S, 



Trace gas 


Max. Conc.(uL L 1 ) 


Temp. Range (°Q 


Reaction time(s) 


SO2 
H 2 S 
N 2 0 
NH3 


115 
270 
300 
500 


20-900 
20-900 
20-800 
20-600 


4.8-1.2 
2.2-0.5 
4.8-1.3 
2.6-0.9 



4. Conclusions 

Hg reacts with Cl 2 . HCI, NCh and but not with NH 3 , N 2 O t S0 2 or H 2 S (Fieurc 2) 

ssssr ** Hg could * oxidized by a " umgerof ^?nT rcal 

(c TSS^'SS^^ incineration, with high concentrations of chloro compounds 

je.g. tiu, 02). the mam part of the of the Hg content will be oxidized bv these srjeeW 
NfS > l^ mbUStion ' W j lh loW concentrations of HQ and Cl 2 . asTgKfiffiSo.r by 
?™ ~ nt ? ,nln # 5°°^ olher P aiticl <* wim a larfe surface area, 0 2 wSTSSSS 7 
considerable oxulauon ,f the filter acts at about 200 »C, which Is common in many combustion 

These findings are of importance for the design of flue gas cleanine svstems for wa*^ 
incineration, and to estimate which Hg species arf emitted C3SoTpL 
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